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ABSTRACT 


The  prime  objective  of  thie  pr<H^am  is  to  provide  design  criteria  for  long-life 
light-weight  secondary  batteries  through  the  investigations  of  new  cathode- 
anode  couples  and  their  associated  electrolytes  and  separators. 

The  new  cathode-anode  couples  to  be  studied  will  have  a  theoretical  energy-to- 
weight  ratio  of  reactant  materials  based  on  the  free-energy  release  of  the 
reactant  materials  at  of  not  less  than  $00  watt-hours  per  pound. 

A  classification  of  anode  and  cathode  matoriale  based  on  similar  chemical  and 
physical  properties  was  developed  to  select  couples  and  their  associated  elec¬ 
trolytes  and  separators  to  provide  design  criteria  for  long-life  light-weight 
secondary  batteries. 

The  couples  offering  the  most  promise  utilize  an  anode  selected  from  the  low 
molecular  weight  alkali  metals^  alkaline-earth  metals  or  slumlmai  and  a  cathode 
from  the  metal  oxides  with  a  high  oxygen  content  or  a  netal-matal  ion  electrode. 
A  molten  salt  solvent  system  was  shown  to  be  the  most  desirable  electrolyte  for 
the  development  of  a  secondary  battery. 

The  anode  materials  are  the  limiting  reactant  materials  in  the  selection  of 
new  anode-cathode  couples  for  long-life,  lig^t-weight  secondary  batteries  in 
that  they  determine  the  solvent  system  to  be  used  as  the  electrolyte.  Lithium, 
sodium,  magnesium,  calcixim,  and  aluninum  are  the  most  desirable  anode  materials 
on  tho  basis  of  reactivity  and  ampere-hour  capacity.  The  available  literature 
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shows  a  molten  salt  electrolyte.  In  contrast  to  other  solvent  systems,  to  be 
the  most  desirable  because t 

a*  These  anodes  are  reversible  In  certain  molten  salts* 

b.  Electrodes  may  be  designed  tdtlch  do  not  polarise  appreciably. 

c.  Molten  salts  have  a  high  eleetrleal  conductivity. 

A  ceramic  or  porcelain  membrane,  In  idilch  sodium  or  similar  Ions  are  mobile, 
can  best  meet  the  requirements  of  a  separator  In  molten  salt  electrolyte* 
Experimental  data  show  that  these  materials  can  prevent  the  mixing  of  the 
above  reactant  materials*  A  porous  separator  can  be  used  when  the  reactant 
materials  have  a  low  solubility  In  the  molten  salt  electrolyte* 

The  best  cathode  materials  on  the  basis  of  capacity,  reversibility  and 
stability  In  molten  salts  are: 

a.  Metal  oxides 
b*  Mebal-metal  Ion  electrodes 

Some  of  the  recommended  couples  for  experimental  evaluation  are: 

a.  Na/NaCl/Cer/AgCl/Ag 

b.  Na/NaCl,LlCl/Cer/Cu20/Cu 

c.  Ll/l.lCl,NaCl/Cer/AgCl/Ag 

d.  Ll/LiCl,NaCl/Cer/CuCl/Cu 

e.  Mg/MgCl2,NaCl/Cer/AgCl/Ag 
r.  Mg/MgClgiNaCl/Cer/CuCl/Cu 
g .  Na/NaCl/Ce  r/PdO/Pd 
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1.  PURPOSE 


The  prime  objective  of  this  program  Is  to  provide  design  criteria  for  long-life 
llght-velght  secondary  batteries  through  the  Investigations  of  new  oathode-anode 
couples  and  their  associated  electrolytes  and  separators. 

The  new  cathode-anode  couples  to  be  studied  will  have  a  theoretical  energy-to- 
welght  ratio  of  reactant  materials  based  on  the  free-enei^  release  of  the  re¬ 
actant  materials  at  25°C  of  not  less  than  $00  watt-hours  per  pound. 


Manuscript  released  by  the  author  December  10,  ly60,  for  publi cation  as  a 
WaDD  Technical  Report. 
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2.  INTRODUCTION 


2.1  Objectives  of  Program 

The  prime  objective  of  this  contract  is  to  provide  design  criteria  for  the 
development  of  long-life j  light-weight  secondary  batteries  through  the  inves¬ 
tigation  of  new  anode-cathode  couples  and  their  associated  electrolytes  and 
separators • 

The  new  anode-cathode  materials  to  be  studied  in  this  program  are  those  which 
have  a  theoretical  energy  to  weight  ratio  of  reactant  materials  based  on  the 
free  energy  release  of  the  reactant  materials  at  of  not  less  than  $00 
watt-hours  per  pound. 

The  requirements  and  design  goals  of  this  program  outlined  in  technical  require¬ 
ments  PR92034  arei 

a.  The  battery  system  shall  be  stable  on  open  circuit  (not  subject  to 
self-discharge ) . 

b.  The  battery  system  shall  have  a  high  free  energy  content  (the  chemical 
energy  being  readily  convertible  to  electrical  energy  and  vice  versa). 

c.  The  battery  shall  be  c ample tely  self  contained  without  the  addition  of 
any  energy  other  than  electricity. 

d.  The  battery  shall  be  capable  of  operation  in  any  temperature  ranging 
from  OOp  to  120OF. 

e.  The  battery  should  be  capable  of  operation  In  a  space  environment. 

f.  The  battery  shall  be  capable  of  operation  in  any  position. 
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g.  Maximum  life  under  repeated  discharge-charge  cycles  at  rated  capacity 
shall  be  a  pilme  consideration. 

h.  Minimum  volume  shall  be  considered. 

During  the  program,  the  following  are  to  be  considered  but  shall  In  no  way 
limit  the  study: 

a.  Unique  methods  of  construction  such  as  lamination  of  the  plates  and 
separators  with  solid  electrolytes. 

b.  Hermetic  sealing  of  the  battery  for  space  application. 

c.  Methods  of  construction  idilch  would  obviate  hermetic  sealing  of  the 
battery  for  space  application. 

d.  Ion  exchange  membranes  for  use  as  separators. 

This  program  will  not  preclude  the  Investigation  of  either  the  noble  metals 
or  rare  earths  because  of  their  apparent  cost  or  scarcity. 

2.1.1  Outline  of  Report 

This  report  develops  a  classification  of  the  reactant  materials  Into  groups 

with  similar  chemical  and  physical  properties.  In  the  selection  of  these 
« 

materials,  there  were  no  restrictions  placed  on  the  reactant  matertals  as 
to  feasibility  of  their  use  in  a  secondary  battery.  A  general  discussion 
of  the  possible  anode  and  cathode  materials  Is  then  presented  with  a  pre¬ 
liminary  selection  of  the , classes  of  anodes  and  cathode  materials  which 
best  meet  the* requirements  of  the  study.  In  this  selection,  it  Is  shown 
that  the  anode  materials  are  the  limiting  reactive  component  with  respect 
to  electrolyte  type  and  that  the  alkali  and  alkaline-earth  metals  and 
aluminum  are  the  most  desirable  materials.  In  view  of  this  restriction, 
a  detailed  discussion  of  electrolyte  types,  organic  media,  liquid  ammonia. 
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molten  salts,  etc.,  with  respect  to  the  feasibility  of  developing  an  elec¬ 
trode  with  these  materials  is  presented*  A  detailed  discussion  of  molten 
salts,  the  most  promising  class  of  electrolytes,  is  given  along  with 
recommendations  for  couples  for  experimental  evaluation* 

2.2  Discussion  of  Available  Materials 

2.2.1  Introduction  and  Classification  of  Possible  Reactant  Materials 
The  most  direct  and  systematic  approach  to  the  selection  of  the  most 
promising  materials  is  through  a  ccmslderation  of  the  ampere-hour  per  pound 
capacity  and  half -cell  potential  of  some  possible  anode  and  cathode  materials* 
This  method  gives  the  same  result  as  dividing  the  free  energ^y  release  of 
the  reactant  materials  by  the  molecular  weight  of  the  reactant  matariale 
because 

-  A  F  ■  nFE 

where  -  A  F  is  the  change  in  free  energy  of  the  cell  reaction,  n  is  the 
number  of  equivalents  of  electricity  associated  with  one  molar  imit  of 
the  cell  reaction,  F  is  the  Faraday  axvi  E  is  the  reversible  e*n*f* 

Data  for  the  pounds  of  material  required  to  supply  $00  ampere-hours  of 
electrical  energy  and  the  theoretical  reversible  potential  of  some  cathode 
materials  are  given  in  Table  I  and  similar  data  for  anode  materials  are 
given  in  Table  II.  It  is  recognized  that  many  of  the  potentials,  in 
particular'  those  in  Table  II,  are  values  calculated  from  other  thermodynamic 
data,  and  are  not  attainable  in  aqueous  electrolytes.  It  will  be  shown  later 
that  the  anpere-hour  capacity  is  the  doinj.nant  factor  in  determining  the 
capacity  of  various  couples. 
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The  theoretical  capacity  (C)  in  watt-hours  per  pound  of  vaz*iouB  couples 
can  be  calculated  from  the  data  in  Tables  I  and  II  by  the  following 
equation : 

C  -  500  V®c  (1) 

a  0 

fdiere  is  the  reversible  e.m.f*  of  the  anodey  is  the  reversible  e.m.f* 
of  the  cathode,  Ib^^  is  the  weight  in  pounds  of  anode  material  required  tC 
supply  500  ampere-hours  electrical  energy,  and  Ib^  is  the  wel^t  in  pounds 
of  cathode  material  required  to  supply  500  ampere-hours  of  electrical  energy. 

This  equation  shows  that  the  desirable  matei*lals  should  both  have  a  high 
ampere-hour  per  pound  capacity  and,  that,  if  one  of  the  reactant  materials 
does  not  have  a  high  capacity,  Ea-£c  <^Bt  be  larger  The  ratio  within  the 
brackets  must  also  be  greater  than  1  for  a  particular  couple  to  have 
theoretical  capacity  greater  than  50O  watt-houra  per  pound. 

It  is  seen  by  this  equation  and  the  data  in  Tables  I  and  II  that  the  ampere- 
hour  capacity,  Ib^  *  Ib^,  is  the  domirant  factor  in  the  selection  of  avail¬ 
able  mateirials.  This  is  fui*Uter  substantiated  by  data  for  the  e.m.f.  of 
some  of  these  anode  and  cathode  materials  compared  in  various  solvents  as 
shown  in  Table  III.  It  should  be  noted  that  the  theoretical  e.m.f.  in  the 
various  electrolyte  systems  does  not  vary  enough  to  change  general  conclu¬ 
sions  on  the  classes  of  available  anode  and  cathode  materials  listed  above. 
This  is  particularly  time  of  the  anode  materials  later  shown  to  be  the 
limiting  component  in  the  selection  of  electrolyte  systems. 
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A  detailed  listing  of  theoretical  oapaeitles  was  not  given  because  such  a 
listing  would  require  a  critical  evaluation  of  the  sources  of  Information) 
such  as  the  free  energy  of  Ions  and  standard  states  In  these  solvents, 
irtilch  Is  beyond  the  scope  of  the  present  study. 

Presented  In  Table  IV  are  the  estimated  theoretical  capacities  of  varioua 
anode -cathode  combinations  calculated  from  the  above  equation.  For  ease  of 
discussion,  the  available  cathode  materials  listed  In  Tables  I  and  III  may 
be  grouped  into  four  general  classes: 

a.  Low-molecular-weight  elements,  e.g.,  F^,  Clg,  O2,  H2,  and  S. 

b.  Inorganic  compounds  with  a  hl^  available  oxygen  content,  e.g., 
0e0|^,  CuO,  AgO,  NIO2,  and  HnD2  (2  electron  change). 

c.  Metal-metal  ion  electrodes 

Cu*^  Cu,  Ag*->  Ag,  Rh,  Sb 

d.  Organic  materials,  e.g.,  quinone,  nltroguanidlne . 

The  available  anode  materials  on  the  basis  of  their  anq>ere-hour  capacity 
and  theoretical  e.m.f.  in  aqueous  electrolytes  may  be  classed  as  follows: 

a.  The  low-molecular-weight  metals  in  Qroup  lA,  IIA,  euid  Al. 

b.  Hydrogen 

c.  Metals  in  the  fourth  row  in  Groups  VI,  VII,  and  VIII. 

d.  Boron  and  its  hydrides. 

e.  Carbon  and  its  derivatives. 

2.3  General  Properties  of  Anodes,  Electrolytes,  and  Cathodes  and  Preliminary 
Selection  of  Reactant  Materials _ 

2.3.1  Introduction 

The  general  physical  and  chemical  properties  of  the  \mrious  classes  of 
anode  and  cathode  materials  pertinent  to  the  development  of  secondary 
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batteries  are  presented  In  the  following  sections.  Some  of  the  properties 
that  were  considered  aret 

a.  Reversibility  -  ^e  first  requirement  of  an  electrode  In  a  secondary 
battery  under  normal  operating  conditions  Is  that  It  does  not  polar¬ 
ize  appreciably,  l.e.,  behave  nearly  reversibly*  In  reviewing  the 
literature,  this  was  given  first  consideration.  When  data  were 
lacking,  as  Is  In  the  ease  of  some  non-aqueous  electrolytes,  the  ' 
electrode  efficiency  was  used  as  a  clue  to  the  reversibility  of  the 
electrode.  If  the  electrode  efficiency  did  not  approach  100  per  cent. 
It  was  assumed  that  side  reactions  prevented  the  electrode  from 
behaving  reversibly. 

b.  Handling  Properties  -  The  general  problems  to  be  expected  In  hand¬ 
ling  the  materials  and  their  effects  on  the  final  performance  of 
the  system  were  considered.  Such  factors  as  the  physical  state  and 
the  chemical  reactivity  of  the  materials  were  considered,  and  are 
pointed  out  ^en  they  place  restrictions  on  the  final  system. 

c.  Capacity  of  Reactant  Materials  and  Current  Studies  -  When  the 
capacity  of  the  reactant  materials  as  calculated  above  was  near  ^00 
watt-hours  per  pound,  the  desirability  of  studying  these  couples 
was  considered  with  respect  to  current  studies  on  related  systems. 

This  applies  mainly  to  the  anode  materials  In  the  fourth  row  of  the 
Periodic  Chart  in  Groups  VI,  VII  and  VIII  and  hydrogen. 

The  following  discussion  Is  oriented  toward  the  anode  materials  since  It 
will  be  shown  later  that  these  materials  place  the  major  restrictions  on 
feasible  electrolyte  systems.  After  the  anodes  and  these  electrolytes. 
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the  cathode  materials  are  discussed  taking  Into  account  the  restrictions 
placed  on  the  system  by  the  anode  and  electrolyte* 

2. 3 >2  Anode  Mateilals 

The  alkali  and  alkaline -earth  metals  and  alumlniun  are  the  most  desirable 
anode  materials  on  the  basis  of  ampere-hour  capacity  and  theoretical  e.m*f* 
In  aqueous  systems  vri.th  respect  to  the  various  cathode  materials  listed. 
These  metals  permit  a  vdder  choice  of  cathode  materials  than  do  any  of  the 
other  classes  of  anode  materials*  The  development  of  a  reversible  elec¬ 
trode  utilizing  these  materials  la  limited  by  the  fact  that  they  are  highly 
Irreversible  In  aqueous  electrolytes  and  other  electrolytes  with  labile 
hydrogen  atoms* 

The  handling  of  these  materials  will  require  special  precautions,  such  as 
Inert  atmospheres,  which  are  discussed  In  greater  detail  along  with 
recommendations  for  specific  systems*  It  should  be  noted  that  the  handling 
properties  of  these  materials  are  well  known* 

The  high  capacity  anode  materials  In  the  fourth  row  of  the  periodic  chart 
In  Groups  VI,  VII  and  VIII  must  be  coupled  with  cathode  materials  that  have 
both  a  high  ampere-hour  capacity  and  e*m*f*  Such  cathode  materials  are 
fluorine,  oxygen,  bromates  and  cnromates*  Nope  of  these  cathode  materials 
are  attractive  for  the  present  purposes  as  pointed  out  In  section  2.3> 
Also,  with  the  exception  of  iron,  the  design  of  a  reversible  cell  with 
these  materials  does  not  appear  feasible,  especially  when  It  Is  considered 
that  these  materials  are  codeposited  with  hydrogen* 
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Although  non>aqueou8  electralytes  could  possibly  solve  soma  of  these 
problems,  because  of  the  limitations  placed  on  the  cathode  materials  by 
the  theoretical  e.mtf.  and  capacity  of  the  anode  materials,  these  anode 
materials  will  not  be  conslderad  further  In  this  study. 

The  hydrogen-oxygen  couple  is  the  most  attractive  couple  using  a  hydrogen 
anode,  but  because  this  system  Is  already  under  investigation  as  a  seconctory 
battery,  hydrogen  will  not  be  included  In  further  studies. 

Boron  and  carbon  need  not  be  considered  further  because  there  are  no  indi¬ 
cations  that  a  reversible  electrode  can  be  made  with  either.  The  same  is 
true  for  the  various  derivatives  of  these  elements  with  few  exceptions. 

The  few  reversible  organic  compounds  have  high  molecular  weights. 

2. 3. 2.1  Electrolytes  for  the  Alkali  and  Alkaline-Earth  Metals  and 
Aluminum 

A  review  of  the  general  properties  of  varloue  electrolyte  types  Is 
presented  because  of  the  irreversibility  of  the  alkali  and  alkaline- 
earth  metals  and  aluminum  in  aqueous  electrolytes.  The  electrolyte 
types  that  were  considered  are; 

a.  Liquid  ammonia 

b.  Organic  solvents  -  The  various  solvents  considered  for  the 
electro-deposition  of  these  anode  materials  were  evaluated. 

c.  Molten  salts  -  The  molten  salts  in  which  electrode  potential 
and  electro-deposition  studies  have  been  made  were  given  most 
attention. 

d.  Miscellaneous  electrolytes  -  Other  electrolytes  such  as  solid 
electrolyte  AgCl,  and  liquid  sulfur  dioxide,  were  also  considered. 
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The  above  llmitatlone  to  organlo  solvents  end  molten  salts  Is  based  on 
the  assuiq>tion  that  these  are  the  most  praotleal  electrolyte  systems 
for  the  present  study.  This  limitation  mould  also  aid  considerably  in 
reducing  the  volume  of  literature  to  be  evaluated. 

It  mas  felt}  and  later  shomn}  that  this  restriction  mould  not  affect 
the  selection  of  the  most  desirable  electrolyte  type.  In  the  evaluation 
of  the  various  electrolyte  typeS}  the  folloming  properties  mere  consideredi 

a.  Electrode  reversibility. 

b.  Handling  properties. 

c.  Current  studies. 

d.  Conductivity. 

e.  Typical  operating  temperature  range. 

Items  S}  b}  and  c  mere  discussed  in  Section  2.3.1  mhile  d  and  e  are 
self-explanatory.  A  conq;>arison  of  the  electrical  conductivity  and 
operating  tenperature  range  of  some  of  the  electrolytes  to  be  considered 
is  found  in  Figures  1  and  2. 

Oi^anio  Solyonts^ 

A  revlem  of  the  literature  on  organic-solvent  systems  has  let  to  several 
generalizations  concerning  their  use  as  electrolytes  in  secondary  batteries. 
Most  of  the  applicable  literature  on  organic  solvents  pertains  to  con¬ 
ductivity  measurensnts.  The  available  literature  on  organic  solvents 
pertinent  to  the  present  study  deals  mainly  mith  attempts  to  electro- 
deposit  these  anode  materials.  The  electro-deposition  of  these  materials 
from  typical  organic  solvents  has  been  achieved  and  is  recorded  in  the 
recent  literature^^*^*^^  A  general  problem  mith  the  older  literature 
ie  the  reliability  that  can  be  placed  on  the  data. 
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Some  of  the  more  Important  generalizations  which  can  be  made  fiom  the 
literature  aret 

a*  The  work  done  on  electro-deposition  indicates  that  the  most 
desirable  solvento  are  those  which  readily  conplex  with  the 
solute;  e.g.,  AliCl^  In  pyridine,  LlCl  In  dlmethylacetamlde « 

b.  From  this  work  on  electro-deposition.  It  appears  that  aluminum 
and  magnesium  offer  the  most  hope  for  an  anode  In  an  organic' 
electrolyte* 

c.  At  present,  sufficient  Information  Is  lacking  to  permit  con¬ 
clusions  to  be  drawn  on  cathode  materials. 

d.  The  dielectric  constant  of  the  solvent  cannot  be  used  as  a 
criterion  for  selection  of  a  suitable  solvent,  for  exanple, 
ether,  which  has  a  dielectric  constant  of  approximately  U.5, 

Is  a  good  solvent  for  electro-deposition  whereas  HCN,  with  a 
dielectric  constant  of  110,  Is  not  a  good  electrolytic  solvent. 

e.  The  organic  electrolytes  are  poorer  conductors  than  the 
typical  aqueous  electrolytes  used  In  batteries.  This  will 
create  special  problems  in  the  design  of  electrodes  for  heavy- 
drain  applications. 

f .  The  complete  removal  of  water  from  the  solvent  is  necessary, 

g.  There  is  a  general  lack  of  fundamental  Information  on  elec¬ 
trode  processes  In  organic  solvents. 

The  major  problem  with  organic  solvents  Is  that  there  are  no  known 
reversible  electrodes  with  these  anode  materials.  This  has  been 
stated  by  Fuoes^^^^  for  non-aqueous  electrolytic  systems  in  general, 
with  the  exception  of  ammonia,  methanol  and  ethanol.  Phresumably  this 
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statement  as  given  refers  to  organic  solvents.  Jana  and  eo-vorkers^^^) 
have  questlmed  the  reliability  of  experimental  values  of  electrode 
potentials  In  various  solvents  and  have  pointed  out  the  need  for  sound 
experimental  data  In  non-aqueous  media  In  order  ttuit  theoretical  con¬ 
cepts  can  be  developed.  The  available  data  In  the  literature  for  the 
electro-deposition  of  the  metals  coimborates  this  In  that  none  of 
these  metals  have  been  electro-deposited  at  electrode  efficiencies 
approaching  100  per  cent  with  few  oxeeptlono(3»^»^»7»^2)^ 

For  these  reasons ^  organic  solvents,  although  attractive  as  electro¬ 
lytes  for  the  development  of  eleetrodes  with  alkali  and  alkaline-earth 
metals  and  aluminum  with  respect  to  their  operating-temperature  range 
and  relative  ease  of  handling  as  compared  to  molten  salts,  are  not  being 
further  explored  In  this  study.  It  Is  required  that  a  fundamental  study 
on  electrode  reactions  In  organic  solvents  be  made  before  a  program 
utilizing  these  materials  Is  considered. 

Molten_Srits_ 

Some  of  the  ijqx>rtakit  generalizations  idilch  can  be  made  about  molten 
salts  are: 

a.  Experimental  data  show  that  various  azKxle  and  cathode  materials 
behave  reversibly  In  certain  molten  salts(^7  ,57,62). 

Some  reversible  systems  that  have  been  reported  In  the  literatux*e  are: 

1.  Ilg/MgClg/Clg  E  -  2M  e  718®C  (82) 

2.  Al/3NaP//AlF3/02  (Pt)  E  -  2.02  6  1000®C  (8U) 
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b.  Con^rlson  of  the  eleetrleel  oondubtlvlty  of  the  verloue  claeeep  of 
electrolytee  preeented  In  Figure  1  ehow  that  nolten  ealta  are  the 
beet  electrolytic  conductors.  The  dieoharge  data  obtained  on  thermal 
cells  indicate  that  polarisation  of  cells  with  a  molten-salt  elec¬ 
trolyte  will  be  low.  Both  factors  are  favorable  to  the  design  of  a 
secondary  battery. 

c.  The  operating  tenqperatore  range  will  be  over  UOO^C. 

The  success  of  couples  In  molten  salts  will  be  determined  by  solution 
of  the  containment  problems  and  problems  associated  with  the  solubility 
of  the  reactants  In  the  electrolyte.  A  major  design  problem  will  be  the 
development  of  an  electrochemlcally  and  thermally  adequate  separator. 

The  molten  salts ^  however,  offer  the  most  promise  for  the  development  of 
a  secondary  battery  with  the  alkali  and  alkaline -earth  metals  and  alumlniun. 
This  is  because  there  are  considerable  experimental  data  showing  that  re¬ 
versible  electrodes  with  these  materials  are  feasible  as  compared  with 
other  electrolyte  systems(^7 *^2,70,99),  jbe  promising  couples  in 
molten  salts  and  an  experimental  program  are  described  In  Sections 

Miscellaneous  Electrolyte  Sye^teme 

Liquid  anmonia  has  several  desirable  properties  as  a  solvent  eystem  in 
battery  applications  such  as  the  hl|^  electrolytic  conductivity  at  low 
temperatures  of  liquid  anmonia  solutions  containing  various  salts.  The 
anode  materials  under  consideration,  however,  are  soluble  In  liquid 
ammonia  which  makes  the  design  of  a  secondary  battery  with  these  ma¬ 
terials  inpractical.  The  data  on  the  activated  stand  of  reserve 
batteries  (AVA)  using  magnesium  anodes  and  a  liquid  ammonia  solvent 
substantiate  this  conclusion. 
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Solid  electrolytes,  such  as  the  sllimr  and  copper  halides  cannot  hei 
used  for  two  reasons  t  low  electrical  conductivity  and  low  deco^)osltlon 
potentials.  The  low  decoiqposltlon  potentials  prevent  their  use  with 
the  anode  and  cathode  naterlals  under  consideration  In  this  program. 

Solvent  systems  such  as  liquid  sulfur  dioxide,  liquid  hydrogen  cyanide, 
and  others  discussed  In  standard  works  on  non-«queous  solvents,  were , 
not  considered  because  of  obvious  handling  problems  or  ths  lack  of 
available  Information. 

2.3.3  Cathode  Naterlals 

The  Inorganic  oxide  materials  stable  at  high  temperatures  and  the  metal-mstal 
Ion  electrodes  are  the  most  desirable  cathode  materials  for  the  development 
of  a  secondary  battery  with  a  molten  salt  electrolyte. 

2. 3. 3.1  Low>Molecular>Welght  Elements  •>  Ihe  low  molecular-weight  gases 
are  only  practical  In  an  electrochemical  system  when  the  weight  of  the 
electrodes,  apparatus  for  handling,  and  storage  containers  are  small  com¬ 
pared  to  the  weight  of  the  active  materials.  This  would  only  be  true  In 
large  secondary  batteii.es.  Although  the  low^molecular-wel^t  gases  have 
the  highest  capacity,  the  problems  associated  with  the  design  of  porous 
electrodes  and  the  handling  of  gases  will  present  definite  disadvantages 
for  their  utilisation  as  cathode  materials  In  secondary  batteries.  This 
Is  particularly  true  In  space  environments)  e.g.,  eero  gravity,  hermetic 
sealing,  access  for  maintenance  of  electrodes.  It  Is  seen  from  the  data 
in  Tables  I  and  III  that  oxygen  Is  the  most  attractive  of  the  low^moleoular- 
yelght  gases.  It  IS  known  that  oxygen  electrodes  can  be  made  to  operate 
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effiolently  In  aqueous  and  nolten  ealt  eleotrolytes(^)(^^).  Fluorine 
and  chlorine  to  a  lesser  extent ,  would  present  probleas  In  handling 
and  storage.  Hydrogen  because  of  Its  low  potential  does  not  meet  the 
^00  watt-hours  per  pound  reqiulrement  except  with  a  few  anode  materials, 
e.g.,  LI.  For  this  reason  and  because  hydrogen-oxygen  and  sine -oxygen 
secondary  batteries  are  already  under  Investigation,  these  materials 
will  not  be  considered  further.  The  use  of  the  known  reversible 
organic  materials  Is  ruled  out  because  of  their  Instability  at  high 
tenperatures.  The  s^  Is  true  of  any  organic  compounds  that  can 
be  foreseen. 

2. 3 *3 .2  Inorganic  Oxides  -  The  general  stability  of  the  various 
oxides  may  be  noted  from  their  melting  and  boiling  points  and  decom¬ 
position  tenperatures  presented  In  Table  V.  Bromates,  lodates, 
chlorates,  osmium  tetraoxlde,  chromates,  silver  oxide,  and  mercuric 
oxide  decompose  at  relatively  low  temperatures  and  thus  are  not 
suitable.  Data  for  the  chlorides  of  the  metal-metal  ion  electrodes 
are  presented  in  Table  VI  because  the  stability  of  metal  chlorides 
plays  a  role  In  the  overall  stability  of  certain  systems.  It  shohld 
be  noted  that  many  of  the  remaining  materials  have  been  shown  to  be 
reversible  in  molten  salts  as  evidenced  by  the  data  In  Table  VIII 
presented  in  Section  2.U.3. 

Further  details  on  these  materials  along  with  selections  based  on 
stability,  electrode  potentials,  theoretical  capacity  and  rever¬ 
sibility  are  discussed  in  Section  2.U. 
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2  tU  Molten  Salt  Secondary  Batteries 
2  *U.l  Introduction 

This  section  presents  a  detailed  discussion  of  the  application  of  molten 
salts  to  the  design  of  secondary  batteries.  In  suimnarlslng  the  pex^lnent 
literature,  certain  basic  requirements  that  are  placed  on  the  materials 
by  this  application  vers  considered.  The  msjor  factors  oonsldered  aret 
a.  Reversibility  of  Electrodes  and  Separation  Teohnlques  >  The  basic 
requliement  of  a  secondary  battery  Is  that  all  components  entering 
Into  the  cell  reaction  must  be  reversible.  Included  In  this  Is 
the  polarization  of  the  electrodes  and  their  associated  electrolyte 
and  separator  under  current  flow. 

b«  Solubility  of  Reactant  Materials  In  Melt  -  In  contrast  to  aqueous 
systems  the  reactant  materials.  In  particular,  the  proposed  anode 
materials  eure  soluble  In  the  electrolyte.  This  permits  the  diffu¬ 
sion  of  the  reactant  materials  throu^out  the  cell  and  would  pre¬ 
vent  the  design  of  reversible  electrodes  due  to  the  side  reactions. 
The  cell  also  could  not  maintain  a  charge  or  be  recharged  many  times 
without  serious  loss  In  capacity.  Inportant  leads  to  the  solution 
of  this  can  be  gained  from  the  methods  used  for  the  electrochemical 
production  of  these  materials.  A  discussion  with  recommendations 
for  the  use  of  a  porcelain  separator  Is  presented  to  solve  this 
problem. 

c.  Reactivity  of  the  Reactant  Materials  and  Electrolyte  at  High  Tem¬ 
peratures  -  A  consideration  of  materials  that  can  be  used  In 
laboratory  studies  to  demoiiStrate  feasibility  of  a  given  couple  and 
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also  for  ultimate  end  use  Is  presented.  This  Is  of  Importance 
because  of  the  hl^  reactivity  of  these  materials  at  high  tempera¬ 
tures  . 

d.  Miscellaneous  -  The  Inpurltles  and  their  effect  on  the  electrode 
reactions  of  these  materials  are  given.  Special  problems  due  to 
the  vapor  pressure  of  the  reactant  materials  and  electrolytesi 
electrical  contact  and  containment  are  pi^sented. 

The  data  are  summarized  as  followst 

a.  Anode  materials  and  Containment  -  This  section  presents  a  bxlef 
review  of  the  Individual  anode  materials,  with  enphasis  on  the 
problems  discussed  above,  as  derived  from  the  literature  pertaining 
to  their  commercial  production,  and  the  AEC  data  with  respect  to 
their  use  In  nuclear  reactors.  A  brief  discussion  of  containment 
at  high  temperatures  Is  presented. 

b.  Methods  of  Separation  -  The  basic  problem  of  separation  In  a  molten 
salt  secondary  battery  Is  examined  and  methods  of  solution  are 
presented.  Cathode  materials  and  proposed  couples  are  also  listed 
In  this  section. 

c.  Experimental  Program  -  A  description  of  the  experimental  program  to 
demonstrate  the  feasibility  of  the  selected  couples  Is  presented. 

d.  Cathode  Materials  -  A  sumnary  of  ejqperlmental  e.m.f.  data  for 
jnetalllc  oxide  and  metal -metal  Ion  electrodes  In  molten  salts  Is 
presented. 

e.  Recommended  couples  for  experimental  evaluation  are  listed. 
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2.U*2  Anode  Materials 

2.U*2.1  General  Propertlee  of  Anode  Materlale  and  Eleotrolyele  In 
Molten  Salt 

Some  physical  properties  of  the  alkali  and  alkaline-earth  metals  and 
aluminum  and  their  ehloxd.des  are  Sttimnaid.zed  In  Table  VI. 

The  validity  of  Faraday's  Law  has  been  demonstrated  rigorously  for 
the  electrolysis  of  molten  salts.  In  practice,  high  cunrent  and  energy 
efficiencies  are  obtained  by  preventing  the  mixing  of  anodic  and  cathodic 
materials  and  by  providing  Inert  atmospheres.  The  major  causes  of 
electrode-material  loss  aret 

a.  Distillation,  volatilisation,  or  sublimation  irtilch  a^y  be 
controlled  by  temperature  regulation. 

b.  Mixing  of  electrode  materials  by  diffusion,  which  can  be 
decreased  by  separators. 

c.  Formation  of  metal  fogs,  which  may  be  controlled  by  teiqperature 
and  the  addition  of  neutral  salts,  and  by  reduced  current  density. 

d.  Reaction  with  the  gases  above  the  electrodes. 

Electrode  inactions  In  molten  salts  have  been  shown  to  occur  at  a^re- 
clable  rates  with  little  polarization  at  their  reversible  potential. 
Experimental  measurements  have  been  made  by  Flengas^^*^),  Laltlnen^‘^^*'^^\ 
Delimarskii^^*^^*^*^'^*^®^  Piontelll^9^»^^^,  and  their  co-workers. 

t 

In  the  commercial  production  of  the  alkali  metals,  alkaline-earth  metals 
and  idumliram,  the  cells  are  operated  at  voltages  considerably  above  their 
theoretical  potential  due  to  the  anode  effect.  The  anode  effect  Is  ' 
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caused  by  the  gases  that  surround  the  anode  during  electrolysis  ind 
prevent  good  contact  with  the  electrolyte*  A  detailed  discussion  is 
given  by  Mantell^^^). 

2.U.2.2  Alkali  Hetals 

Sodium  Is  produced  commercially  In  the  Downes  or  Knapsack  cells*  In 
Its  production*  one  of  the  prln'^lpal  problems  Is  solubility  of  sodium 
In  the  molten  electrolyte* 

The  solubility  of  sodium  In  molten  electrolytes  (NaCl)  Is  low  up  to 
600°C*  but  Increases  to  a  point  where  the  deposition  of  sodium  Is 
Impossible  at  700°C.  The  preferred  electrolyte  In  commercial  cells 
Is  a  58  to  k2  ratio  of  calcium  chloride  to  sodium  chloride* 

A  brief  discussion  of  the  miscibility  of  liquid  metals  with  salts  at 
high  temperature  Is  In  order  because  of  Its  Impoirbance  to  the  design 
of  a  practical  secondary  battery* 

Bredlg,  Bronsteln,  Johnson  and  Smlth^^^^  have  studied  the  llquld>llquld 
phase  equilibria  In  binary  systems  composed  of  an  alkali  metal  with  Its 
halide,  and  have  found  complete  miscibility  of  the  phases  at  moderately 
high  temperatures  (>1000OC)*  This  critical  teiqMrature  is  known  as 
the  "consolute"  temperature.  Such  binary  systems  are  further  charac- 
teriqed  by  a  "inonotectlc"  temperature,  some  U  to  7°C  below  the  melting 
point  of  the  pure  salt,  at  idilch  the  liquid  binary  system,  on  cooling, 
forms  a  solid  plus  another  liquid  phase  of  different  composition. 

Prom  the  data  for  the  sodium-sodium  halloe  systems,  summarized  In 
Table  VII,  It  Is  seen  that  the  practical  operation  of  a  reversible 
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electroehemloal  cell  will  seek  an  optlmm  tenperature  range  In  order 
to  maintain  a  metal  phase. 

Observations  from  comneroial  practice  suggest  that  selected  eultl- 
conqsonent  systems  afford  lesa  stringent  conditions  between  the 
"monotectlc*  and  "consolute"  tenyMratures.  For  example,  the  use  of 
mixed  salts  (CaCl2  NaCl)  permits  operation  of  a  sodium  oeU  at  spme 
UOO°C  below  Uie  oritioal  range(79).  Sodium,  at  electrolytlo-cell 
operating  teiqieratures,  is  extremely  corrosive  toward  the  common 
materials  used  for  cell  constinietion,  e.g.,  steels  and  refractories. 

Even  at  600OC  the  high  vapor  pressure  of  sodium  (B.P.  ■  877°C)  demands 
special  apparatus,  reflected  in  elaborate  commercial  procesees^'^^). 

The  cathodes  are  of  acid-proof  cast  steel  (brick-walled),  and  the 
anodes  are  of  graphite.  A  l6-mesh  steel  wire  net  serves  as  the  dlaphram 
between  the  electrodes.  The  bath  temperature  is  maintained  by  the 
heat  generated  from  the  polariaation  effects  during  electrolysis. 

Lithium  is  comnerclally  produced  In  a  sodium  type  cell,  with  the  metal 
(d  <■  0.lt9)  forming  a  layer  upon  the  molten  electrolyte.  The  electrolyte 
consists  of  a  mixture  of  KCl  and  LlCl,  which  may  also  contain  LlBr  and 
Is  electrolyzed  at  U20^C. 

2.1(.^.3  Magnesium 

Magnesium  Is  produced  in  the  Dow  (Michigan)  brine  process  by  the 
electrolysis  of  a  salt  mixture  consisting  oft 
MgClg  2$% 

NaCl  60^ 

CaClg 
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This  salt  adxture  may  also  contain  asmll  amounts  of  KCl,  8rCl2  and 

!HgO.  Ths  )4|0  causes  a  sludge  but  has  a  definite  Amotion  In  the 

1 

jpurlfloatlon  of  the  magneslun*  The  specific  gravity  of  the  electro¬ 
lyte  is  higher  than  that  of  molten  magnesium,  which  permits  the 
separation  of  the  magnesitm  into  the  upper  layer.  For  this  reason, 

NaCl  is  preferred  to  KCl  in  the  electrolyte. 

Inpurltles  such  as  Al,  Cu,  Zn,  Nl,  Si,  and  Ita  in  the  electrolyte 
become  alloyed  %rith  product  Mg.  Iron,  boron,  and  manganese  are 
liberated  on  the  cathode,  or  are  reduced  by  the  Mg  floating  on  the 
electrolyte  bath.  Under  certain  operating  conditions  these  impurities 
form  shells  around  globules  of  Mg  which  reduce  the  yield  of  pure  mstal. 
Boron  in  the  electrolyte  is  eq>eoially  troublesome  and  must  be  held  to 
less  than  10  ppm.  Borm  appears  at  the  cathode  during  electrolysis  in 
the  form  of  metal  borides  which  keep  the  small  Mg  spheres  from  coalescing. 
Calcium  fluoride,  added  to  the  melt  to  xemedf  this  problem,  falls  at 
excessive  boron  concentration.  Sulfates  are  detrimental  in  the  magne¬ 
sium  cell  because  they  can  be  reduced  to  sulfur  or  sulfur  dioxide. 

2.U.2.U  Aluminum 

Aluminum  is  produced  by  electrolysis  of  AI2O3  solutions  in  AIP3  with 
a  fluoride  of  a  metal  more  electropositive  than  Al  (l.e.,  Na,  K,  Ca). 
Alur.lnum  fluoride  is  used  because  molten  aluminum  chloride  is  a  poor 
conductor.  Ihe  high  reactivity  of  these  molten  salts  and  of  molten 
aluminum  is  countered  by  the  use  of  carbon-lined  Iron  containers.  The 
heat  from  the  reaction  of  anode  oxygen  with  the  carbon  lining  Is 
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utilized  to  maintain  the  bath  temperature  at  960°C*  The  raw  aluminum 
la  further  refined  to  99*99  per  cent  purltyi  using  Cu-Al  alloy  aa  the 
heavy  bottom  layer  anode,  covered  by  an  electrolyte  layer,  with  an 
upper-most  cathode  layer  of  pure  aluminum  ooUeotlng  at  7liO°C*  Here 
the  critical  middle  layer  of  electrolyte  uses  BaF2  and  BaCl2  along 
with  the  fluorides  of  aluminum  and  sodium  for  density  control* 

2,h»2*5  Containment  at  High  ^ngMratures 

The  materials  available  for  use  as  reaction  vessels  at  hl^  temperatures 
are  severely  restricted.  The  erosive  effects  of  mobile  melts  at  and 
above  7(XPC  upon  common  refractories  have  led  to  a  variety  of  compromise 
solutions  of  specific  problems.  In  addition  to  the  destructive  diffu¬ 
sion  of  a  melt  into  the  refractory,  the  frequeint  tendency  of  compound 
formation,  the  simultaneous  action  of  gases,  and  electrochemical  reactlms 
in  specific  systems  render  a  general  discussion  on  containment  for 
high  tenperature  electrolytic  cells  of  limited  usefulness. 

The  commercial  processes  for  alkall-mstals  have  most  generally  become 
adapted  to  the  use  of  graphite  and  steel.  Including  certain  stainless 
steels.  For  laboratory-type  cells,  the  limited  use  of  quarts  Is  possi¬ 
ble. 

The  use  of  silver  (N.P.  96l^C)  and  a  silver  chloride  cathode  Is  Indi¬ 
cated  with  alkali -metal  chlorides.  The  most  refractory  oxides 
(Ca,  Y,  La,  Th)  as  well  as  oxides  In  general  suffer  from  many  defects 
In  the  proposed  use  with  molten  salts  and  reactive  metals  such  as 
chemical  Instability,  hydration  In  air,  and  structural  alteration. 
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Single-crystal  sapphire  (AlgO^)  may  be  suitable  below  900‘’C.  For  a 
given  electrochemical  system.  It  will  be  necessary  to  evolve  the  optimum 
container  environment,  because  latent  reactivities  to  a  large  number 
of  Influences  In  continuous  cyclic  processes  caimot  be  predicted  from 
available  data,  nils  ai^lles  equally  to  the  selection  of  a  stable 
ceramic  separator  to  be  discussed  In  Section  Special  com¬ 

position  porcelain  has  been  designed  by  Labrle  and  Lamb^^^)  for  the 
selective  conductance  of  Na’*’  In  a  reversible  Ag  (AgCl  NaCl)  reference 
electrode,  said  to  be  stable  and  reproducible  at  900^.  In  this  same 
service,  the  commercial  McDanel  shield  tubes  were  also  found  satis¬ 
factory. 

2.it.3  Cathode  Haterlals 

Available  data  on  the  electrochemical  behavior  of  the  metal  oxide 
and  metal-metal  ion  electrodes  pertinent  to  the  present  study  Is 
contained  mainly  in  the  work  of  Flengas'^^),  Dellmarskli^^^,  and 
UlUn.n(71)(72) 

and  tiwir  co-workers.  Presented  In  Table  VIII  are 
data  for  the  electrode  potential,  theoretical  an^re-hour  capacity, 
and  reversibility  of  these  materials.  In  Initial  studies,  to  demon¬ 
strate  the  principle  of  cell  construction  and  type,  the  silver-silver 
chloilde  electrode,  although  It  has  a  relatively  low  capacity.  Is  the 
most,  desirable  cathode  material  because  of  the  considerable  work  on 
It  as  a  reference  electrode  In  molten  salts^^’^^.  Other  metal-metal 
Ion  electrodes  In  a  chloride  melt  may  be  more  suitable  in  the  design 
of  reversible  electrodes  supplying  power  than  the  metal  oxide  elec- 
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trode  mterlals.  nils  would  be  prlntrily  doe  to  having  a  nixed  nolten 
oxide-chloride  electrolyte  with  the  netal  oxide  electrode. 

I 

2.U.U  Methods  of  Separation 

2.U.U.1  Introduction  to  Separation 

The  basic  problem  in  the  selection  of  secondary  couples  using  nolten 
salt  electrolyte  is  closely  related  to  the  nethod  of  separation,  nie 
va3rious  anode  and  cathode  materials  under  consideration  have  been  dioim 
to  be  reversible.  In  the  studies  so  far,  these  naterials  usually  show 
some  solubility  in  the  electrolytes.  In  meeting  these  problems  various 
methods  of  separation  were  evaluated.  The  a»st  promising  method  of 
separation  lies  in  a  reaction  nechanism  which  permits  single-ion  nobility 
The  principle  of  this  phenomencm  is  the  ability  of  a  single  ion  to 
be  transpoirted  reversibly  through  ei^r  an  electrolyte  or  a  ceranio- 
type  material. 

2.U.U.2  Ceramics 

Certain  ceramic  materials  are  comnsrolally’  available  which  possess  this 
quality  of  single-ion  mobility^^O),  These  ceramics  are  stable,  give 
reproducible  results,  are  temperature -reversible,  and,  therefore, 
possess  qualities  desirable  for  their  suggested  application. 

At  ^OCfibf  a  porcelain  consisting  of  AI2O3,  Si02  and  Na20  had  a  resis¬ 
tivity  of  6U  ohm-cm.  and  was  able  to  pass  sodium  ions  reversibly 
according  to  Faraday's  Law. 

A  ceramic  reference  electrode  possessing  the  above  characteristics  has  ' 
been  developed  for  use  in  molten  salt  systems^'^^^.  This  electrode  was 
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permeable  to  sodium  Ions  and  was  reversible  to  these  Ions.  It  was 
used  In  conjunction  with  the  known  reversible  electrode  AgCl/Ag,  thus 
the  entire  electrode  system  behaved  reversibly. 

In  the  present  study,  an  evaluation  will  be  made  of  couples  utilizing 
these  materials  as  separators.  These  materials  should  solve  the 
obvious  problems  encountered  in  the  design  of  a  secondary  battery 
with  a  molten-salt  electrolyte  presented  by  the  solubility  of  the 
reactant  materials. 

2.U.U.3  Hicroporous  Separators 

The  use  of  a  microporous  material  as  a  separator  in  a  molten-salt 
system  will  also  be  taken  into  consideration.  A  microporous  separator, 
such  as  a  fritted  glass  disc  could  be  used  to  separate  couples  in  which 
the  anode  and  cathode  materials  have  a  very  low  solubility  in  the  melt. 
The  principles  involved  with  this  means  of  separation  aret 

a.  Selective  ion  effect  and  pore  size,  e.g.,  ion  radius  Ba  ■  1.U 
Li  ■  0.5 

b.  Ion  exchange  mobility  of  one  ion  in  a  structural  mateilal. 

More  information  will  be  accumulated  before  any  final  evaluation  of  a 
microporous  separator  for  use  in  the  present  application  can  be  made. 

In  particular  more  data  on  the  solubility  of  the  reactante  and  producte 
in  Uie  melt  are  required. 

2.ii.5  Recommended  Anode-Cathode  Couples  for  Experimental  Evaluation 

The  electrochemical  systems  achieving  separation  by  means  of  single-ion, 
mobility  with  a  ceramic  material  are  the  most  desirable  for  the  develop¬ 
ment  of  a  secondary  battery  with  a  molten-salt  electrolyte. 
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The  selection  of  anode-cathode  couples  for  experimental  evaluation 
were  made  on  the  basis  of  the  criteria  oft 

a.  Overall  system  sliq)llclty. 

b.  Known  reversibility  of  the  components. 

c.  Watt-hour  capacity  of  reactant  materials. 

d.  Ease  of  handling  reactant  materials. 

e.  Broad  repiresentatlon  of  reactant  materials. 

These  criteria  are  listed  In  the  order  of  relative  Importance  In  the 
selection  of  anode-cathode  couples. 

The  anode-cathode  couples  best  meeting  these  criteria  are  listed  In 
Table  IX  along  with  data  for  the  watt-hour  per  pound  capacity  of  the 
reactant  materials.  The  estimated  operating  potentials  are  determined 
from  the  data  In  Tables  VI  and  VIII,  and  make  the  assumption  that 
there  Is  no  significant  potential  drop  across  the  ceramic  eeparator. 
This  assumption  Is  substantiated  by  the  work  on  reference  electrodes 
utilizing  these  material8(70)(ll8)^ 

In  general,  the  temperature  coefficient  of  these  systems  Is  small  as 
seen  by  the  data  for  the  anodes  and  cathodes  In  Tables  VI  and  VIII, 
respectively. 

The  experimental  cell  configurations  fall  Into  three  basic  types i 

a.  Ma/Cer./MaCl,  McCl/^ 

b.  Ma/MaCl/Cer./MaCl,  McCl/Mc 

c.  M^/M^jCl,NaCl/Cer./NaCl,MgCl/>!j, 
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wliere  Is  an  anode  material  whose  cation  is  mobile  In  the  oeramlo 
separator,  Mi,  Is  an  anode  material  whose  cation  Is  not  mobile  In.  the 
ceramic  separator,  and  McCl^  represents  the  various  metal-metal  Ion 
cathode  electrodes.  The  metal-oxide  cathodes  may  be  considered  as 
variations  of  these  three  basic  types  In  which  the  mstal  oxide  elso- 
trodes  function  reversibly  as  electrodes  of  the  eecond  kind.  There 
Is  experimental  evidence  to  show  that  the  b  and  c  types  of  cell  Oom^ 
figurations  are  reverslble(^l8). 

The  sodium-silver  chloride  couple  beet  meets  the  dbeve  criteria  IMi  lib 
the  beet  couple  to  demonstrate  feasibility  and  system  simplicity. 

The  cell  configuration,  type  a  or  b  to  be  used,  will  be  determiilMl  ty 
the  stability  of  the  separator  to  metallic  sodium.  The  earns  will  be 
true  for  couples  with  a  lithium  anode.  Data  has  been  presented  to 
show  both  electrodes  are  reversible  and  that  the  separator  Is  reversible 
to  sodium  lone^^O),  Specific  systems  may  be  represented  as  follows t 
Type  a.  Na/Cer/KaCl,AgCl/Ag 
Type  b.  Na/NaCl/Cer/NaCl,AgCl/Ag 
The  KCl-LlCl  eutectic  mmy  also  be  used  as  the  electrolyte. 

The  couples  utilising  a  magnesium  or  aluminum  anode  will  use  the  ^rpe 
c  cell  configuration.  Experimental  data  are  available  to  show  that  the 
Mg-AgCl  covqsle  with  a  ceramic  separator  Is  reversible^ This 
couple  may  be  represented  as  follows t 
Mg/MgCl2 ,NaCl/Cer ./MaCl, AgCl/Ag 
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Othpr  attractive  couples  with  an  alkali  or  alkalliM»e!aaHtih  wlteL  aMiia 
and  metal-metal  Ion  cathode  are: 

Na/haCl/CerAaCljCuCl/Cu 

Li/LlCl/Cer/LlCl,CuCl/Cu 

Mfe/MgCljNaCl/Cer/NaCljCuCl/Cu 

Na/liaCl/CerA«Cl,NlCl2Al 

At  this  time,  couples  with  a  mstal  oxide  couple  rametloolng  a«  m 
electrode  of  the  second  kind  appear  feasible.  The  couples  wlkh  • 
metal  oxide  cathode  that  should  be  considered  first  are  thoaie  wllli 
a  sodium  anode  and  a  LlCl-KCl  eutectic  electrolyte. 

The  couples  to  be  considered  first  arei 
Na,NaCl/Ccr/NaCl,LlCl,KCl,Cu20/Cu 
Na,NaCl/Cer/iJaCl,LlCl,KCl,PdO/Pd 
Na|NaCl/CerAaCl,UCl,KCl,B10Cl/Bl 

After  the  feasibility  of  these  interns  Is  demonstrated,  couples  with 
.  a  magnesium  anode  will  be  considered. 

Since  co\4)les  with  an  aluminum  anode  deaund  a  fluoride  electrolyte, 
unique  separator  probleme  must  be  solved  for  cells  of  the  above  config¬ 
uration.  For  this  reason,  couples  with  the  alumlnimi  anode  should  be 
deferred  until  the  general  problems  of  alkali  metal  and  alkaline-earth 
metal  anodes  are  evaluated. 

B.lt.^.l  Experimental  Procedure 
E]qgerlmentel_Setup_ 

Figure  3  Illustrates  the  experimental  setup  for  the  initial  study  of 
molten  salts  as  electrolytes  for  use  In  the  present  application. 
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The  experimental  cell  for  measurements  of  e.m.f.  and  pel*riMtti<Mi  in 
various  anode-cathode  couples  with  a  molten  electrolyte  are  ttioMli  lA 
Figure  U. 

The  lower  section  of  this  cell,  ^Ich  is  used  as  the  coniaiHer  ftK*  the 
molten  salt,  was  constructed  of  quarts  tubing  of  UO  mm*  diMAter* 

This  section  Is  connected  to  a  *$^^0/50  Pyrex  ground-glass  jollity  to 
permit  the  Interchanging  of  various  electrodes  and  easy  accessibility 
for  the  addition  of  various  materials*  In  this  iqqpiMr  section  of  the 
cell,  there  are  two  joints  through  idilch  electrical  contact  Is  made 
to  the  electrodes,  a  thermocouple  well,  a  gas  relesme  valve  and  a 
three-way  stopcock  for  gas  Inlet  and  a  vacuum  outlet* 

In  order  to  protect  the  contents  of  the  cell  from  atmospheric  contam¬ 
ination,  purified  argon  gas^^^^^®^)  is  continually  introduced  Into 
the  cell  and  excessive  gas  pressure  Is  released  by  means  of  the 
pressure-release  valve. 

Some  of  the  precautions  that  have  to  be  met  In  thla  proposed  study  arat 
a*  Good  electrical  contacts 
b.  Preparation  (drying)  of  materials 
c  *  Contamination  hasards 
d*  ‘Solubility  of  metals  axxl  salts 
e  *  Containment 

Electrical  contacts  to  the  electrodes  will  vary  according  to  the  par¬ 
ticular  system  under  evaluation*  At  present  the  use  of  tungsten  or 
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Kovar  appears  to  be  most  promising  for  this  particular  problem* 
However, -other  materials  such  as  platinum,  silver,  gold,  and  nickel 
may  possibly  be  used. 

The  high-melting  metals,  tantalum  (300(}°C)  and  rhenium  (3l|it0^),  have 
been  employed  in  salt  (Cl**)  melts  and  in  contact  with  me ''ten  metals  to 
some  extent,  but  they  involve  special  problems  in  taping*  Their 
stability  in  molten  alkali  metals  has  not  been  evaluated*  Rhenium 
evolves  blinding  oxide  vapors  similar  to  osmium. 

Ihe  use  of  certain  stainless  steels  with  the  molten  active  metals 
is  repoirbed,  although  Fe,  Co,  Ni,  and  V,  Cr,  Mn  are  severely  attacked 
by  liquid  Na  at  moderate  temperature* 

Any  use  of  these  materials  idiich  are  under  consideration  will  depend 
upon  the  sevei*ity  of  thermal  and  chemical  attack  on  then  in  a  given 
system*  Precautions  will  be  taken  to  prevent  the  hydrolyeis  of  the 
salts  that  contain  water*  This  may  be  accoiqplished  in  the  case  of 
chlorides  by  the  standard  method  of  drying  at  a  hl^  temperature  in  an 
HCl  atmosphere*  This  precaution  is  particularly  critical  in  molten 
salt  studies  because  any  water  vapor  will  permit  the  formation  of 
H'*'  or  OH"  ions,  which  in  turn  will  replace  the  Cl*  ion  in  chloride 
melts. 

The  formation  of  an  hydroxyl  ion  in  molten  salts  would  lead  to  corro¬ 
sive  problems  at  the  contact  leads  and  at  the  electrodes  of  the  system 
causing  electrode  polarization  in  some  cases.  Other  problems  due  to 
inpurities  are  listed  with  the  individual  anode  materials* 
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The  containment  problem  aa  dlaeuased  In  Section  2.U»2.$  mill  be  an 
ln9)ortant  factor  In  the  problem  of  contamination. 
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3.  CONCLUSIONS 


The  anode  materials  are  the  limiting  reactant  materiale  in  the  selection  of 
new  anode-cathode  couples  for  long-life,  light-weight  secondary  batteries  in 
that  they  determine  the  solvent  system  to  be  used  as  the  electrolyte*  Lithium, 
sodium,  magnesium,  calcium,  and  aluminum  are  the  most  desirable  anode  materials 
on  the  basis  of  reactivity  and  aiqpere-hoar  eig>aclty*  The  available  literature 
shows  a  molten  salt  electrolyte,  in  contrast  to  other  solvent  systems,  to  be 
the  most  desirable  because) 

a.  These  anodes  are  reversible  in  certain  molten  salts* 

b.  Electrodes  may  be  designed  idtlch  do  not  polarise  appreciably, 
c*  Molten  salts  have  a  high  electrical  conductivity* 

A  ceramic  or  porcelain  menhrane  can  best  meet  the  requirements  of  a  separator 
in  molten  salt  electrolyte.  Experimental  data  show  that  these  materials  can 
prevent  the  mixing  of  the  above  Maetant  materials*  A  poroui  separator  can  be 
used  when  the  reactant  materials  have  a  low  solubility  in  the  molten  salt 
electrolyte . 

Ihe  best  cathode  materials  on  the  basis  of  capacity,  reversibility  and 
stability  in  molten  salts  aret 
a*  Metal  oxides 
b*  Mstal-metal  ion  electrodes 

Some  of  the  reooimended  couples  for  experimental  evaluation  aret 
a*  Na/UaCl/Cer/AgCl/Ag 
b*  Na/UaCl,LiCl/Cer/Cu20/Cu 
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c.  Li/LiCl,NaCl/Cer/AgCl/Ag 

d.  Li/UCl,NaCl/Cer/CiiCl/Cu 

e.  Mg/MgCl2,NaCl/Cer/AgCl/Ag 

f.  Mg/llgCl2,NaCl/Cer/C\iCl/Cu 

g.  Na/NaCl/Cer/PdO/Pd 
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U.  RECOMMEUDATIOHS  FX)R  WJTURE  WORK 


Durlni^  the  next  period  effort  will  be  directed  tot 

a.  Kvaluate  the  reoominended  anode-oathode  couples  with  a  ceramic  nsmbrene 
separator, 

b.  Provide  doBlpn  criteria  for  the  most  attractive  couples  In  (a), 

c.  Coneldcr  conditions  to  provide  minimum  solubility  of  reactant  materlale 
in  order  that  a  porous  separator  may  be  used.  A  porous  separator  would 
permit  lower  operattn0  ten^rature, 

d.  Search  for  other  materials  that  may  function  as  separators  with  single 
ion  mobility. 

Major  emphasis  will  be  placed  on  a  and  b.  Items  c  and  d  axe  logical  extensions 

of  Uic  pi^escnt  study. 


TABU  I 


THEORETICAL  PROPERTIES  OP  SOME  POSSIBLE  CATHODE  MATBIIALS* 


Cathode  Materials 

Electrode 

Reaction 

Lbs./500 

Imp-VTB, 

Standard  Oxidation  Potential 
Ea  lb 

Hydrogen 

H(0)-H(I) 

O.Ott2 

0.00 

0.828 

Oxygen 

0(-II)-0(0) 

0,33 

-1.23 

-  .liOl 

m-dlnltrobenzene 

M(-I)-N(V) 

0.59 

-0,87^^^ 

Sulfur 

s(-n)-s(o) 

0.66 

-O.liil 

0.U8 

Fluorine 

p(-i)-p(oy 

0.783 

-2.87 

-2.87 

Lithium  Bromate 

Br(-I)-Br(V) 

1.12 

-l.lili 

0.6l 

Cu  — acu 

Cu(0)-Cu(II0 

1.3 

•«.3U 

— 

Osmium  Tetroxide 

0e(0)-Ps(vni) 

1.3 

-0.85 

-0.02 

Chromium  Trioocide 
and  Chrostates 

Cr(III)-Cr(VI) 

1.38 

-1.36 

0.13 

Chlorine 

C1(-I)-C1(0) 

liU6 

-1.37 

-1.37 

Lithium  lodate 

I(-I)-I(V) 

1.50 

-1.08 

-0.26 

Cuprlce  Oxide 

cu(o)-cu(n) 

1.65 

0.22lt 

Manganese  Dioxide 

Mn(Il)-Mn(I?) 

1.77 

-1.28 

mmmrn 

Nickel  Dioxide 

Nl(II)-Ni(IV) 

1.86 

-1.75 

-0.li9 

Rh"^-^  Rh* 

Rh(0)-ah(II) 

2.10 

-0.70 

Pd'^^  Pd* 

Pd(0)-Pd(II) 

2.20 

-0.83 

Nlti oquanidine 

N(IV)-N(VI) 

2.17 

-0.88 

m^mm 

Qulnone 

2  electron  chg 

.2.22 

-0,70 

— 

Agtle-Ag*  (2) 

Ag(0)-Ag(I) 

2.23 

-0.799(2) 

Silver  Oxide  (2) 

Ag(0)-Ag{n) 

2.5U 

-0.57(2) 
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TABLS  I  (Continued) 


THEORETICAL  PROPERTIES  OF  SOME  POSSIBLE  CATHODE  HATERIALS* 


Cathode  Materials 

Electrode 

Reaction 

LbB,/$00 

Amp^Irs. 

Standard  Ckidation  Potential 
Ea  ^ 

Au  — p  Au 

Au(0)-Au(in) 

2.70 

-l.l»2 

— 

Bromine 

Br(-I)-Br(0) 

3.30 

-1.06 

-1.06 

Manganese  Dioxide 

Mn(III)-Iki(IF) 

3.50 

— 

-0.5 

Cuprous  Chloride 

Cu(0)-Cu(I) 

3.9ii 

-0.12U 

— 

Mercuric  Cbcide 

Hg(0)-Hg(II) 

U.U6 

— 

-0.09 

Lead  Dioxide 

Pb(nT-Pb(IV) 

li.85 

-l.l»56 

.0.2U8 

*  Data  from  W«  M.  Latimer,  "The  Cbcidetlon  States  of  the  Elements  and  Their 
Potentials  in  Aqueous  Solutions",  2nd  Ed.  Prsntioe-Hall,  New  fork  (195>2) 
C.  D«  Hodgman,  Ed.,  Handbook  of  Chemistry  and  Physios,  Shth  Ed.,  Chenleal 
Rubber  Publishing  Co.,  Cleveland  (19^2). 


(1)  Ea  for  Anlline>4(ltrobensene 

(2  )  Anqwre  hour  capacity  for  2  electron  change  •  and  E^  for  couple  indicated. 


WADD  TR  61-3$ 


36 


r- 


00 


GO  CM  \r\ 

.  CM  O 

I  •  •  • 

CM  «»>  CM 


C>-  CM  rt  M  ^- 
>0  CM  C^O  r-CMCO 

•  •••••• 

CM  H  O  C^CM  H  O 


•  •••••• 

H  H  CM  CM  CM  O  O 


-I 


I  I  c- 


p  g  ti-VN 


_  'O  c^ 

-  •  •  • 

H  «•>  H  O 


Fiaa 


•  HOO 

.  j  •  •  •  •  • 

CM  O  O  CM  CM  O  O 


H  O  CM  CM  CM  O  O 


ta 

I  I  I 

o 


I  I  I  I 


o  o  o  o 
n  id  ^ 


SlEScnS 

gisssAse 

1 1 1 1 1 1 1 

o  o  o  o  o  c  o 

s^saiss. 


khkB  h« 
£S&sQ3& 

I  I  I  I  I  I  I 

o  o  o  o  o  o  o 

Vi^ 

SiS^S  '5£ 


lass 


_  o&r-  <^ 

H  CM  cn-a 

o  o  o  o  o  o  o 


«|S!SS««a 

•  •••••• 

O  O  O  O  O  O  H 


•  •••••* 

H  H  H  H  H  CMi^ 


K 


r!. 

<0 


ICAL  mOPERTIES  OF  SOME  POSSIBIZ  ABODE  MATERIAIS* 


I 

I 

u> 

VA 


r  .  .  •  •  •  1’^ 


H*  i  ^  ^ 

h  h  h  a  ^ 


^  &  O  M  ^ 

Ij  w  M  M  V  o 

iJ  -3  F-  tr*  H  S> 


iti^  ^^dtAjA}  § 

F  g>  «  b  3  5(  s  a 


& 

3 


&  & 

•  • 


^  it  ^  l> 

.»  •  •  • 

CB  M  -g  \0 

jy  p  p.  v*» 


«L  ^  ^  IS 

•  •  •  |W 

C5  g  ^ 


g 


&  !>  b  ^ 

•  •  •  • 

H  VQ 

Os  OB  ^  w 


JTM 


•  m 

‘V 


yQ  oo  ^ 
\A  H 


?  7  «!  <?  *? 


CN 


CM 

I 


? 


<M 

00 


CM 

I 


•  • 

9  9 


Ml 

I 


(M 

I 


9 


i 

09 

• 

• 

• 

f- 

• 

& 

9 

9 

7 

CM 

• 

ao 

ss 

r> 

<^ 

S- 

o 

• 

• 

a 

• 

>0 

• 

s 

‘I' 

CM 

•T' 

CM 

o 

1 

1 

1 

1 

r\ 


« 

o 

I 


•  • 

9  ■? 


;3  j;  ?i 

•  •  • 

9  9  9 


9 


7 


9 


P  S 

9 


2^1 


I 


•  • 

<v 

I 


«»>  \A 

9  9  9  9’  9*  9 


t  t 


iillllli 


v\ 

r\ 

I 


ELBCraCTE  PGTEIITIALS  IN  VARIOUS  SOLVENTS 


TABU  IV 


THEORETICAL  CAPACXTT  OP  SOIC  PROPOSED  COUPLES 


Couple 

Capacity 

(Watt-Hours) 

(Per  Pound) 

Eet* 

Standard 
Potential  (1) 

H2  -  Oj 

1660 

1.23 

H2  -  F2 

1750 

2.87 

H2  -  CI2 

1*75 

1.37 

Do  -  0»> 

2620 

2.68 

Be  -  F2 

2360 

1*.57 

Be  -  S 

1100 

1.81* 

Be  -  Cu+*-kCu® 

765 

1.1*8 

Be  -  O.O1, 

Be  -  Clf 

660 

2.55 

935 

3.07 

Be  -  MiO- 

755 

2.98 

Be  -  NIO2 

81*5 

3.1*5 

Be  -  Rli+t*Rh® 

525 

2.I1O 

Be  -  Pd+**Pd® 

530 

2,53 

Be  -  Nltroquanldlne 

550 

2,58 

Be  -  Qulnone 

$00 

2.I1O 

Mg  -  O2 

1850 

3.07 

Mb  -  s 

980 

2.27 

Mg  —  ^ 

Mg  -  Cu?fcu° 

16U0 

1*.21 

71*0 

2.68 

Ilg  -  CI2 

91*5 

3.70 

Ife  -  CuO 

575 

2.1*5 

Mg  -  Mn02 

800 

3.62 

Mg  -  NIO2 

570 

3.16 

Mg  -  Rh-*"t^Rh° 

585 

3.01* 

Mg  -  Nltroquanldlne 

590 

3.22 

Mg  -  Qulnone 

560 

3.01* 

Mg  -  Ago' 

515 

3.11* 

Cr  -  O2 

770 

1.6 

Cr  -  F2 

1200 

3.58 

Cr  -  Cr03 

500 

2.07 

Mn  -  O2 

595 

1.67 

Mn  -  Fo 

1030 

3.92 

(1)  In  couples  where  there  wore  estlmatee  for  both  Ea  and  Ed{ 

the  lower  estimated  standard  potential  was  used, 

* 
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TABI2  IV  (OontlnuAd) 


THEORSTICAI  CAPACITY  OP  SOM!  PROPOSED  COUPIES 


Couple 

Capacity 

(WatMIoura) 

(Per  Pound) 

Eat* 

Standard 

Potential 

Zn  -  O2  (in  Acid) 

583 

1.96 

Li  -  O2 

2760 

3.1*2 

U  -  S 

1350 

2. 51* 

Li  -  F2 

2800 

5.90 

11  -  Cu+t»Cu® 

2130 

3.36 

Li  -  CI2 

1250 

1*.39 

U  -  CuO 

730 

2.60 

Li  -  Mn02 

1050 

1*.30 

Li  -  Ni02 

1120 

1*.79 

Li  -  Rh+t*RhO 

780 

3.72 

Li  -  Nitroquanidine 

800 

3.90 

Li  -  Quinone 

775 

3.72 
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TABLE  V 


SOME  PHTSICAL  PROnSlTIES  OF  CAIHODIB  CQHFOUNDS 


®C 


M.  P. 

B.  P, 

Deoonp* 

Cupric  ODclda 

1336 

1026 

Cuprous  Oxide 

123? 

1800 

1800 

Antimony  Oxide  Sbtt06 

652 

1570 

SbOCl 

170d 

• 

170 

0a20^ 

tr. 

1900 

- 

0820 

Sdbl. 

>500 

Mn02 

230+ 

NiO 

PdO 

877 

l|00^(Nl203«8NiO) 

PtO 

55? 

Bi203  (tr. 

70U)  820-860 

1900 

OsOj^ 

1»2 

135 

Cr203 

1900 

Ag20 

300 

Ago 

^100 

Rh203 

1100 

HgO 

100 

KBr03 

370 

K2Cr207 

398 

KIO3 

560 

KClOj 

368 

WADD  TR  61-3? 


TABUS  VII 


SaUIBUm  (V  sodium  in  its  halides  (Ref.  39) 

Syetame  of  Na  withr 


NaF 

NaCl 

NaBr 

Nal 

Consolute  Temp. 

1180 

1080 

1026 

1033 

Mole  %  Na 

28 

50 

52 

59 

M.P.  Pure  Salt  °C 

995 

800 

7U7 

660 

A  H  Calc.  Heat  of  Fusion,  Calories 

8030 

6850 

62HO 

5620 

Monotectic  Temp.^C 

990 

7953 

7lj0 

6567 

I<lo]e  %  Na 

In  Salt-Rich  Phase  (Liqiiid) 

2.1 

2.9 

1.6 
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TABLE  IX 


ESTIMATED  WATT-HOUR  CAPACITIES  OF  PROPOSED  COUPI£S 


Anode^^^ 

Cathode 

Eat. 

Volts  t  loorc 

Est.  Vatt-Hours/lb.^^^ 
of  Reactant  Materials 

U(0)-Li(I) 

AgCl/Ag 

2.7 

230 

CuCl/Cu 

2.lt 

270 

PdO/Pd 

3.1 

550 

NlCl2/Ni 

2.5 

li20 

Na(0)-Na(l) 

AgCl/Ag 

2.5 

190 

CuCl/Cu 

2.3 

230 

PdO/Pd 

2.9 

U20 

NiCl^i 

2,k 

330 

Mg(0)-Wg(ll) 

AgCl/Ag 

1.7 

UiO 

PdO/Pd 

2.2 

360 

NICI2NI 

1.6 

250 

(1)  Estimated  from  EMF  data  In  Tables  VI  and  VIII)  Heotrode  potential 
Anode  material  plus  electrode  potential  of  cathode  material  e<|aal 
estimated  cell  potential* 

Estimated  potentials  are  given  to  ^*1  volt  because  of  slightljr  dif¬ 
ferent  reference  states  for  the  various  molten  salts  considered  and 
estimates  required  for  some  of  the  temperature  coeffloienta. 

(2)  In  calculating  the  cell  ai^wre  hour  eapadtieSf  the  ampere  hour  capa¬ 
city  used  for  the  cathode  materials  was  that  ohlorlde  or  oxide  as  in¬ 
dicated.  This  is  the  more  realistic  value  to  use. 


1|6 


WADD  TR  61-35 


References 


X  •  A\xdr Xe^Ri  X  •  F  • 

John  Wiley  &  Sons  (1953) 

Non-Aqueous  Solvents 

2.  Bertoccl,  U* 

Zeitschrlft  Fur  Elektrochemie  ^  (1957)  lt31 
"Hie  electrochemical  behavior  of  non-aqueous  solutions"' 

3.  Brenner,  A. 

J*  Electrochem  Soc.  106  (1959)  1U8 

"Electrolysis  of  organic  solvents  with  reference  to  the  electrodeposition 
of  metals" 

U,  Brenner,  A. 

J.  Electrochem.  Soc.  103  (1956)  6^2-662 
"Electrodeposltlon  of  metals  from  ox^anlc  solutions'" 

5a  Brenner,  A. 

Record  of  Chemical  Progress  16  (1955)  2ltl 
"Electrodeposition  of  some  of  the~Tess  common  metals  from  non-aqueous  media" 

6.  Brown,  0.  H.,  Hslung,  Halao-shu 

J.  Electrochem.  Soc.  107  (I960)  57 
"Polarography  in  Formamlde" 

7.  Connor,  J.  H.,  Reid,  W.  E.,  Wood,  0.  B. 

J.  Electrochem.  Soc.  lOU  (1957)  38 
"Electrodeposltlon  of  metaTB”firom  organic  solutlcns".  Part  V 

8.  Couch,  D.  E.,  Brenner,  A. 

J.  Electrochem.  Soc.  99  (1952)  23li 
"A  hydride  bath  for  the  electrodeposltlon  of  aluminum" 

9.  Dawson,  L.  R.,  Warton,  W.  W. 

J.  Electrochem.  Soc.  107  (I960)  710 

"Solutions  of  some  alkali  halites  in  the  pure  liquids  and  in  mixtures  of 
N-Hethylacetamlde  and  Dlmethylacetamlde" 

10.  Dessy,  R.  E.,  Handler,  Q.  S. 

J.  Am.-  Chem.  Soc.  to  (1958)  582U 
"The  constitution  of  the  Orignard  Reagent" 

11.  Fischer,  L.,  Winkler,  0.,  Jander,  0. 

Zeitschrlft  Fur  Elecktrochemie  62  (1958)  1 
"Recent  findings  concerning  the  elecTrochemistry  of  non-aqueous  solutions" 


WADD  TR  61-35 


47 


12*  E(  D« •  Woods  J*  H* 

A.S.T.I.A.  Ad  103031  Mco-1023-TR-73  (19$U) 

'^ectrolysis  studies  in  orgside  solvents"' 

13*  FuosSf  R.  Klrsch,  E* 

J.  An.  Chem.  Soe.  ^  (I960)  1013 
"Single  Ion  conductances  In  noi^aqueous  solvents" 

lli.  Jans,  0.  J. 

ARDC  Cont.  Ho.  AF.16.(600)-33  Proj.  Chen.  I1O.3  Pinal  Report  (19$6) 
"Standard  electrode  potentials  In  non»aqueous  solvents" 

1$,  Jans,  0.  J.,  Danyluk,  S.  S. 

J.  An.  Chen.  Soe.  8l  (1959)  38I|6 
"Hydrogen  halides  In  Ace^nltrlle" 

16.  Katsln,  li.  I. 

J.  Inorganic  and  Nuclear  Oimdstry  U  (1957)  I87 
"Factors  affecting  the  solution  of  InorgMilc  salts  In  organic  solvents" 

17.  Kotthoff,  I.  M.,  Elvlng,  P.  J. 

Interscience  Publisher,  Inc.  (1959) 

Treatise  on  analytical  chesdstry.  Part  I,  Section  B,  No.  9  and  13 

16.  Koepp,  H.  M.,  wendt,  H.,  Strehlov,  H. 

Zeltschirlft  F%£r  Bleetroohanle  6U  (I960)  U33 
"Der  Vergleleh  der  spannungsrelken  In  versohledenen  solventlen* 

19.  Kudra,  0.  K.,  Klelbs,  0.  S. 

Zhurnal  Peseeheskol  Khiall  (19ttl)  226 
"The  deconqwsltion  potentials  at  various  current  densities  In  the  systene 
As  Dr3  .  C2  OC2  and  SbCl3  -  C2  OC2 

20.  Lange,  J. 

Z.  Physikal  Chem.  I87  (19U0)  27 
188  (191K))  291 

"Electrochemistry  of  non-aqueous  solutions" 

21.  Handell,  H.  C.,  McNabt,  W.  H.,  Hasel,  J.  P. 

J.  Electrochem.  Soc.  }02  (1955)  263 

"The  electrbohemlstry  of  some  non^aqueous  solutlone  of  Alkali  metal  aelta* 

22.  Hoellor,  T.,  Cullen,  0.  W. 

J.  Inorg.  Nucl.  Chem.  (1959)  lii8 
"Observations  of  the  rare  earths" 


WADD  TR  61-35 


23*  Pavlopoulos,  ?•»  Strehlow,  H* 

Zeitschrlft  f\fr  Physicallsche  Chemle  2  (195U)  90 
"Die  spanmmgsrelhe  In  Formamid"  ^ 

2U»  Plotnikov,  V.  A.,  Yakubaon,  S.  I* 

Zhurnal  Pezlcheakol  Khtmii  0  (1936)  1^9 
"An  electrochemical  Inveatlgation  of  the  ternary  ayatem  AlBr^  -  AaBr. 

Benzene" 

2^.  Plotnikov,  V.  A.,  Yakubaon,  S.  !• 

Zh\irnal  obafkchel  Khlmli  6  (1936)  l69h 
"'An  electrochemical  Investigation  of  the  ayatem  AlDr2  -  AaBr^  in  e^yl 

bromide" 

26.  Plotnikov,  V,  A. 

Mem.  Inst.  Chem.  Ukraln,  Acad.  Scl.  $  (1938)  271 
"Non-aqueous  solutlona"  ~ 

27.  Reid,  W.  E.,  Jr.,  Blah,  J.  M.,  Brenner,  A. 

J.  Electrochem.  Soc.  lOU  (1957)  21 
"Electrodeposition  of  metals  fron  organic  solutions"  Part  III 

28.  Schaschl,  E. 

J.  Electrochem.  Soc.  9U  (19U8)  299 
"Non-aqueous  battery  systems" 

29.  Strehlow,  H. 

Zeitschrlft  fur  Elektrochmnle  56  (1952)  827 
"Der  verglelch  der  apannungsreihen  In  verschleden  solventlen" 

30.  Strehlow,  H.,  Koepp,  H.  M. 

Zeitschrlft  liir  Elektrochemie  ^  (1958)  373 
"Uber  auswahlende  Solvation  von  lonen  In  Losungamlttelgemischen" 

31.  Uasanowltch,  U, 

Acta  Phyaiochimlca  USSR  2  (1935)  239 
"The  nature  of  the  conductivity  of  noiwaqueous  solutions" 

32.  Ussanowj.tch,  U. 

Zeitschrlft  fur  physlkallsche  Chemle  12U  (1926)  U27 
"The  electrical  conductivity  of  the  systemt  Arsenic  Trlbroadde  -  ethyl  ether" 

33.  Vedel,  J. ,  Tremlllon,  B. 

J.  Electroanal.  Chem.  1  (1959-^)  2l|l 
"Voltanr.ietut  Du  Systems  Hydrogene  -  Aclde  Perchlorlque  Dams 

L'  Acetonitrile,  A  Une  Electrode  De  Platlne  Platlne" 


WADI)  TR  61-35 


49 


3U*  Antipin,  L.  N.,  Xholaiuuikikh,  ¥•  B. 

Zhur  Pi*  Chl«  31  (1957)  232 
"Electric  potential  in  fused  salts" 

35*  Axis,  P.  N.  WetiAoro,  F.  W. 

Can.  J,  ChsBi.  30  (1952)  779 

"Molten  salts  -  Electrical  transport  in  the  aystm  ASNO^  -  NaN0|j" 

36.  Bockris,  J.  O'M.,  VRiite,  J.  L..  Maekansls,  J.  D. 

Acadenlc  Press  Inc.  (1959) 

Physico  «  chssdcal  ■easur^nts  at  hish  taapsrstws 

37.  Bockrls,  J.  O'M. 

Trans.  Faraday  Soc.  (1959)  190ii 

"Reversible  aystea  U/^  CI3,  U  01  •«-  K  ClAcl  ♦  U  01,  Af  Cl/Ag"' 

38.  Bockrls,  J.  O'M. 

J.  Scl.  Instrum.  ^  (1956)  li38 
"An  all-glass  reference  electrode  for  molten  salt  aystssw"' 

39*  Bredig,  M.  A.,  at  al 

J.  Am.  Chem.  SOe.  77  (1955)  307 
Mlsability  of  liquid  msDEls  with  salts 


UO.  Broers,  0.  H.  J.,  Ketolaar,  J.  A.  A. 

Abst.  from  ntesls  by  0.  H.  J.  Broers  (1958) 
"fflgh  temperature  fuel  cells" 


Ul.  I^ne,  J.,  Fleming,  H. 

Can.  J.  Chem.  30  (1952)  922 
"Electrical  oonduotl^ty  in  the  intern  AgN03  -  HaNO^" 


U2, 


Chambersi  H,  H*,  Taiitr«a,  it*  0.  S. 

Am.  Chem.  Soo.,  Div,  of  Gas  and  Fuel  Chemistry,  Atlantie  City,  N.  J. 
(1958) 

"Carbonaceous  Fuel  Cells" 


i(3.  Cowen,  H.  C.,  Axon,  H.  J. 

Trans.  Farads,  Soo.  ^  (1956)  2I42 

"The  electrical  oonductivl^  ot  the  blnaiy  fused  salt  sys terns  AfML  ♦  WO* 
and  AgK).^  ♦  1^03" 


Ui.  Dellmarskil,  Tu.  K.  ^  , 

Zhur  Prlkl  Khumii  30  (1957)  li06.lai 
"The  dissociation  potentials  of  the  fused  UCl-K  Cl  and  Li  Cl  -  Ba  CI2 
syste 


WADI)  TR  61-35 


50 


Dellmarskli,  Yu.  K. 

Ukraln  Khim  Zhur  16  (1950)  UlU 
'*Electroch«nlcal  series  of  metals  in  fused  salts'* 

Delimarkii,  Yu.  K. 

Ukraln  Khim  Zhur  15  (19lt9)  3U0-50 

"Determination  of  electrode  potentials  of  metals  In  molten  broaiides  with 
the  aid  of  glass  -  sodlisn  electrode" 

Dellmarskll,  Yu.  K.,  Qrlgorenko,  F.  P. 

Ukraln  Khim  Zhur  22  (1956)  726-30 
"Polarization  EMF  on  electrolysis  of  melted  flourides" 

Dellmarskll,  Yu,  K. 

Zhur  Fiz  Khim  29  (1955)  2b-38 
"The  electrode  potentials  of  metals  in  molten  salts"' 

Dldlschenko,  R.,  Rochow,  E.  C. 

J.  Am.  Chem.  Soc.  76  U95)»)  3291 
"Electrical  potentials  In  molten  silicates" 

Duke,  F«  R. 

J.  Electrochem.  Soc.  105  (1958)  U76 
"Mobilities  of  the  ions  in'  fus^  KNO^  -  AgNO^  mixtures"' 

Duke,  F.  R, 

J.  Electrochem.  Soc.  105  (1958)  51j8 

"Transport  numbers  of  the  pure  fused  salts  LlNO^,  NaNO^,  KNO^,  and  AgNO^" 
Duke,  F.  R. 

J.  Electrochem.  Soc.  106  (1959)  130 
"Transport  numbers  and  ionic  mobilities  in  the  cystaa  KCl  -  FbCl2" 

Duke,  F.  R. 

J.  Electrochem.  Soc.  lOli  (1957)  25l 
"Density  and  conductance  iiTthe  system  K  Cl  -  Zn  CI2" 

'j.’phys.  Chem.  59  (1955)  51i9 

"The  measurement  of  transport  numbers  in  pure  fused  salts" 

Pworkin,  A.  S. 

J.  Phys.  Chem.  6it  (I960)  269 
"The  heat  of  fusion  of  the  alkali  metal  halides" 

Eisen,  0.  A. 

Zhur  Fiz  Khim  30  (1956)  3 
"Electrochemistry  cr^lten  Oxides" 


TR  61-35 


51 


^7*  Plengas,  S*  N.,  Ingraham.  T.  R. 
Can.  J.  Cham.  3^  (19^7) 
"Voltaic  cells  in  fused  salts" 


^8,  Orjothelm,  K. 

Z.  Physlk,  Chen.  (Prank)  n,  (19^7)  l9i 
"Electrochemical  oerlea  of  motals  In  the  eutectic  melt  of  sodlum-potassiusa. 
fluorides" 


59.  Orlmesi  W.  R. 

J.  Phys.  Chem.  ^  (1956)  862 
"Solubility  of  Noble  gases  In  molten  fluorides" 

60.  Orinee,  W.  R. 

J.  Phys.  Chem.  621  (1958)  1325 

"Thermodynamic  properiles  of  molten  and  solid  solutions  of  Ag  Cl  and  Na  Cl" 

61.  Otirovlch,  E.  I.  Matvelva,  M.  S. 

Zhur  Pis  Khim  33  (1959)  2607 

"Measurement  of  the  potentials  for  metals  In  fused  salts" 

62.  Kameri  W.  J.,  Schrodti  J.  P. 

J.  Am.  Cham.  Soc.  71  (19U9>  231t7 
'•Galvanic  cells  with  eoTTd  and  molten  electrolytes" 

63.  Hamer I  W.  J.,  Malmborgf  M.  S.^  and  Rublng,  B. 

J.  Electrochem.  Soc.  1^  (1956)  8 

"Theoretical  electromotive  force  for  cells  containing  solid  or  molten 
chloride  electrolytes" 

6U.  Hill,  D.  L. 

J.  Electrochem.  Soc.  107  (I960)  698 
"An  electrochemical  study  of  uranlun  in  fused  chlorides" 

6$.  Hill,  Derek  L.,  Osteryoung,  Robert 

U.  S.  At.  Energy  Comm.  BNL  -  588  (T-166) 

"Chemical  behavior  of  uranium  and  thorium  In  fused  salts" 


66,  Hvorka,  Prank 

J.  Electrochem.  Soc,  106  (1959)  56 
"The  oxygen  electrode" 

67.  Inman,  D,,  Hills,  0.  L.,  Bockxds,  J.  O'N. 

Trane.  Faraday  Soc.  55  (1959)  1901* 

"Electrode  reactions  In  mioTten  salts" 

66.  Janz,  0.  L.,  Solomons,  C.,  Qardner,  H.  J. 

Chem.  Reviews  ^  (1958)  1|61 
"Physical  properties  and  constitution  of  molten  salts" 


WADD  TR  61-35 


52 


69.  Kingerly,  W.  D. 

Proc,  Sym,  of  High  temperature  (19^) 

’•Corrosion  of  refractories  by  oxides" 

70.  IjabriSi  R.  Lamb^  V.  A. 

J.  Electrochem.  Soc.  106  (1959)  895 
"A  porcelain  reference  electrode" 

71.  Laltlnen,  H.  A.,  LiUj  C.  K. 

J.  Am.  Chem.  Soc.  ^  (1958)  3015 
"E.M.F.  Series  in  molten  Li  ^1  -  KCl  eutectic" 

72.  Laitlnen,  H.  A.,  Rhatia,  B.  B. 

J.  Electrochem.  Soc.  107  (i960)  705 
"E.M.F.  study  of  metallic  oxides  in  fused  Li  Cl  -  KCl  eutectic" 

73.  Laity,  R,  W. 

J.  Electrochem.  Soc.  105  (1958)  97 
"Transport  numbers  in  pure  fus^  salts" 

7U.  Laity,  R.  W. 

J.  Electrochem.  Soc.  IQU  (1957)  299 
"Transport  numbers  and  structures  in  fused  Ag  NO^  -  Na  NO^  mixtures" 

75.  Livey,  D.  T. 

J.  Less,  Common  Metals  1  (1959)  lh5 
"High  ten|)erature  stability  of  oxides  and  sulfides" 

76.  I, unden,  A. 

Contract  W-7li05  Eng.  82  (Apr.  ’60) 

"Transport  numbers  in  pure  fused  Zn  CI2 

77.  Lunden,  A. 

Am.  N.  y.  Acad.  Sci.  79  (I960)  Art.  11,  96«-96 
"Ftisod  salt  Isotope  enrichment  by  electrosilgrstion" 

78.  Lundon,  Q.  J.,  Ubbelohde,  A.  R. 

Proc,  Roy.  Soc.  ^  (1957)  160 
"Melting  and  crystal  structure  of  Cryolite  (3NsF,  A1  F^)" 

79.  Manteil,  C.  L. 

McOraw-Hill  Publishers  (i960) 

Industrial  electrochemistry  Uth  edition 

80.  Martin,  R.  L. 

J,  Chem.  Soc.  157  (195U)  32li6 

"Activation  energy  o7~ electrical  conductivity  in  fused  eleotrolytes" 


’.JADD  TR  61-35 


53 


81.  Markovi  B.  F. 

Doklady  Acad.  Nauk.  SSSR  ^  (1956)  115 
"Electromotive  force  at  high  temperatures  In  molten  salts" 

82.  Markov^  B.  F.,  Dellmarskll,  Tu.  K. 

Zhur  FIs  Khlm  29  (1955)  5l 

"Thermodynamic  properties  of  Mg  CI2  In  the  malt  Hg  CI2  -  LI  Clf  Mg  CI2  • 
Na  Cl,  Mg  CI2  -  K  Cl,  M^  CI2  •  Rb  Cl" 

83.  Markov,  B.  F. 

.  kad.  Nauk  Ukr.  SSR  (1959)  No.  2,  216-30 
"E.M.F.  of  chemical  cells  with  a  single  fused  salt" 

8U.  Maskoveta,  V.  P.,  Revaayan,  A.  A* 

Zhur  Prlklad  Khlm  30  (1952)  IOO6 
"E.M.F.  of  galvanic  cells  of  fused  cyrollte  -  alumina" 

85.  McOraw-Hlll  Publishers  (1955) 

Reactor  Handbook  1st  Edition 


86.  McGraw-Hill  Publishers  (i960) 

Proceedings  of  an  International  Symposium  on  High  Temperature 
Technology 

87.  Milasao,  Qlullo 

J.  Electroanal.  Chem.  1  (I960)  265-8h 
"Reference  electrodes  and  potentials" 

8ti.  Mlnenko,  V.  I.,  Pltrov,  S.  M. 

Ukraln  Khlm  Zhur  26  (I960)  195 
"E.M.F.  Study  of  the  PCO  -  SIO2  system" 

89.  Morachevskll,  A.  0. 

Zhur  Prlklad  Khlm  33  (I960)  ll*3U 

"Review  of  studies  In  t^  field  of  electrochemistry  of  fused  salts  for  1959" 

90.  Peterson,  A.,  Gregor,  Harry 

J.  Electrochem.  106  (1959)  1051 

"Diffusion  exchange  ot  mchange  Ions  and  nonexchange  electrolyte  In  Ion. 
exchange  membrane  system" 

91.  Piontelli,  R. 

Annals  of  N.Y.  Acad,  of  Sci.  79  (I960)  1025 
"Reference  electrodea  and  overvoltage  measureiaents  in  molten  salts" 

92.  Piontolll,  R.,  Montanelll,  Q. 

J.  Chem.  Phys.  23  (195U)  1781 

"Ceil  for  measuremeriEs  of  polarisation  voltages  In  melted  electrolytes" 


V/AI)D  TR  61-35 


34 


93*  Plontelli,  R.,  Sternheim,  Q. 

J.  Chem.  Phya.  23  (1955)  135«,  1971 
"Overvoltages  in  meT^d  electrolytes" 

9li.  Protsenko,  P.  I.|  Shokenla,  0.  N. 

Russian  J.  of  Inorganic  Chen.  (I960)  U37t  208 
"■Electrical  conductivity  In  the  ternary  system  of  the  nitrites  of  Na, 

K,  Ba" 

95*  Roake,  W.  E. 

J.  Electrochem.  Soc.  lOU  (1957)  66l 
"The  systems  CaF2  -  LIF  an3”CaF2  -  LIP  -  MgP2"' 

96.  Rogersi  S.  E.|  Ubbelohde,  A.  R. 

Trans.  Far.  Soc,  U6  (1950)  1051 
"Acid  sulfates  low  meTClng" 

97.  Rosenberg,  N.  W. 

J.  Electrochem.  Soc.  1^  (1957)  111 
"Electrochemical  properties  of  a  cation  •  transfer  membrane" 

98.  Sells,  S.  M.,  McOlnnls,  I..  P. 

J.  Electrochem.  Soc.  1^  (1959)  13U 
"Galvanic  behavior  in  f ua^  electrolytes " 

I.  nie  nominal  system  HgAlOl  -  KCl/Rl 

99.  Sells.  S.  M. ,  McGinnis,  L.  P. 

J,  blectrocnem,  Soc,  106  (1959)  990 
"Galvanic  behavior  in  fuseSTelectrolytes" 

II.  Discharge  of  the  system  Mg/liCl  >  KCl  -  K2CrO||/Ni 

100.  Senderoff,  S.,  Mellors,  0.  W. 

Rev.  Scl,  Inst,  29  (195b)  151 

"Reversible  chlorine  electrode  for  the  measurement  of  B.M.F.  In  molten 
salt  cells" 


101.  Seybolt,  A.  V.,  Burke,  J.  E. 

J<^n  Wiley  and  Sons,  Ihc.  (1953) 
Procedures  In  experimental  metallurm 


Sldgwlck,  N.  V. 

GKford  Press  (1950) 

The  chemical  elements  and  their 


Vol.  I  and  n 


103.  Sfflithells,  C.  J. 

Interscience  Publishers 
Metals  reference  handbook  (2  vols.) 


WADD  TR  61-35 


55 


lOU.  Splegler,  K.  S* 

J«  Electrochem,  Soc,  100  (19$3)  3030 
"On  the  electrochemistiy  o7“ ion-mcchange  resins" 

10?,  Stern,  K.  H, 

J.  Phys,  Chem.  60  (1956)  liai3 
"Electrode  potentials  in  fused  systems" 

106.  Stern,  M.,  Wissenberg,  H. 

J,  Electrochem,  Soc,  106  (1959)  755 
'TSlectrochemical  behavior  and  passivity  of  Titanium" 

107,  Straumanis,  M.  E. ,  Schlechten,  A,  W. 

J,  Electrochem,  Soc.  ^955)  131 
"Electrochemical  behavior”©?  a  Titanium  -  fused  salt  platinium  cell" 

108.  Sundheim,  B,  R. 

J.  Phys.  Chem.  ^  (1956)  1381 
"Transference  niunbers  in  molten  salts" 

109.  Suskii,  1. 

Zhur  Fiz  Khim  30  (1956)  l85?-9 

"E.M.F,  of  the  celTs  Pb/PbCl2/Gl2  and  Fo/PbClg/Na  Cl  50  mole  per  cent 
CI2  in  fused  state" 

110,  Tipton,  C,  R,,  Jr. 

Interscience  Publishers  (I960) 

Reactor  handbook,  2nd  Edition 

111,  Trzebiatowski,  V/,,  Kisza,  A, 

Bull  Acad,  Polon  Sci,,  7  (1959)  701-7 
"Electrode  potentials  of  Uranium  in  molten  salts" 

112,  Van  Arkel,  A,  E,,  Flood,  A.  E» 

Can.  J.  Chem.  31  (1953)  300 
"Conductivity  of  molten  oxide" 

113.  Van  Artsdalen,  E,  R, 

J.  Phy.  Chem,  59  (1955)  II8 

"Electrical  conductance  and  density  of  molten  salt  systems:  KCl  -  Li  Cl, 
KCl  -  N'a  Cl  and  KCl  -  KI" 

nil,  Valsbavek,  E,,  Belyaev,  A.  J. 

Sbornik  Nauch.  Trudcv,  Moskov,  Inst,  Tevetnoi  Metal  i  Zolota  (1957) 
No.  27  163-77 

"Studji  of  melts  of  a  Cryolite  -  Alumina  -  Aluminum  Fluoride  Magnesium 
Fluoride  System  as  electrolyte  for  the  Aluminum  bath". 


WADD  TR  61-35 


56 


11^.  Verdleckf  R*  Q.,  Yutemai  L.  F* 

Jt  Phys.  Chein«  lt6  (19U2)  3UU 
"Electrochemistry  of*7u8e<l  aluminum  halides" 

ll6,  Wagneri  Carl 

J.  Electrochem.  Soc*  lOlt  (19^7)  308 

"Galvanic  cells  for  the  deteralnatlon  of  the  standard  molar  free  energy 
of  formation  of  metal  halides,  oxides  and  sulfides  at  elevated 
temperat\ires" 

117*  Welde,  A.  F, 

Dissertation  Abst.  20  (1959)  1199 
"Electrochemical  study  of  fused  salts" 

118.  Yang,  Ling,  Hudson,  R.  0. 

J*  Electrochem*  Soc*  106  (1959)  986 
"Some  Investigations  of  the  Ag/Ag  Cl  in  LlCl-KCl  eutectic  reference 
electrode" 

119.  Ylm,  E.  W.,  Flelnleib,  M.  J. 

J.  Electrochem.  Soc.  lOti  (1957)  626 
"Electrical  conductivity  of  molten  fluorides" 

120*  Ylm,  Ernest,  Feinlleb,  Morris 

J.  Electrochem.  Soc.  lOlt  (1957)  622,  630 
"Electrical  conductivity  of  molten  fluorides" 

121.  7aretskll,  S.  A.,  Machvkas.  V.  B* 

Zhur  Vaesoyus  $  (I960)  357 
"New  methods  of  potassium  production" 

122*  Zosenlovlch,  D.  P.,  Tsemnergahl,  V.  A. 

Ukraln  Khim  Zhur  15  (19U9)  351-61 
"Deconqiosltlon  potentials  of  metal  oxides  in  molten  Na  OH” 


WADD  TR  61-35 


57 
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Fig.  2  Typical  Conductivity  Ranges  For  Various  Electrolytes 
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Experimexitel  Setup  For  Molten  Salt  Study 
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Fig.  4  Experimental  Cell  For  Holten  Salt  Study 
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